The stereochemistry of the hexuronic acid residues of the structure of glycosaminoglycans (GAGs) is a key feature that affects their interactions with proteins and other biological functions. Electron-based tandem mass spectrometry methods, in particular electron detachment dissociation (EDD), have been able to distinguish glucuronic acid (GlcA) from iduronic acid (IdoA) residues in some heparan sulfate tetrasaccharides by producing epimer-specific fragments. Similarly, the relative abundance of glycosidic fragment ions produced by collision-induced dissociation (CID) or EDD has been shown to correlate with the type of hexuronic acid present in chondroitin sulfate GAGs. The present work examines the effect of charge state and degree of sodium cationization on the CID fragmentation products that can be used to distinguish GlcA and IdoA containing chondroitin sulfate A and dermatan sulfate chains. The cross-ring fragments 2,4 A n and 0,2 X n formed within the hexuronic acid residues are highly preferential for chains containing GlcA, distinguishing it from IdoA. The diagnostic capability of the fragments requires the selection of a molecular ion and fragment ions with specific ionization characteristics, namely charge state and number of ionizable protons. The ions with the appropriate characteristics display diagnostic properties for all the chondroitin sulfate and dermatan sulfate chains (degree of polymerization of 4-10) studied.
Introduction
Chondroitin sulfate (CS) is a type of glycosaminoglycan (GAG) that is responsible for a variety of important biological activities. 1, 2 These linear polysaccharides are biosynthesized by addition of alternating residues of N-acetylgalactosamine (GalNAc) and glucuronic acid (GlcA), producing chains with a variety of degrees of polymerization (dp). During their biosynthesis, enzymatic modifications may occur on the differentially elongated chains of CS, such as O-sulfation and epimerization of GlcA to iduronic acid (IdoA), thus producing highly heterogeneous products. 3 Samples extracted from natural sources are thus mixtures of different lengths of CS chains with different sets of modifications within these sequences. Differential sulfation and epimerization of uronic acids leads to a diverse group of compounds differing in length and composition. Even those having the same composition may exhibit a variety of isomeric structures. CS can be subdivided into different classes that are differentiated by the extent and location of the sulfo modifications and the hexuronic acid C 5 stereochemistry. The basic repeating disaccharide unit of CS polysaccharides is GalNAc and a uronic acid (GlcA or IdoA). Chondroitin sulfate A (CSA) is O-sulfated at C 4 of GalNAc and the uronic acid is mainly GlcA while dermatan sulfate (DS or chondroitin sulfate B) has the same amino sugar structure as CSA, but most of the GlcA residues are converted to their epimer form, IdoA. 1, 4 Other forms of CS include chondroitin sulfate C, in which the GalNAc residues are sulfated at the 6-O position, or forms with multiple sulfation sites within the disaccharide unit including 2-O sulfation at the hexuronic acid. 1 GAG chains can contain differentially modified domains, with IdoA appearing continuously within a given portion and intermittently in other portions of the intact chain. 1, 5 The structural characterization of CS at the molecular level is required to gain insight regarding the structural motifs associated with protein binding and regulation of biological pathways, which can impact clinical and biomedical applications. 6 The details of the composition of CSA and DS are known to have a profound effect on their binding activity. For example, IdoA-rich CSA/DS chains are found in large quantities in specific parts of the brain, and have been found to be critical in neuritogenesis during the brain development of mice and other organisms. 7, 8 DS is also found in connective tissue maintenance, is implicated with embryonic development 9, 10 and has been found to suppress blood coagulation by activating heparin cofactor II, a plasma protein which inhibits thrombin. 9, 11 Mutations in CSA/DS sulfotransferases lead to abnormal levels of CSA/DS in corneal tissue, causing macular corneal dystrophy. 12 CSA/DS chains play critical roles in the central nervous system, regulating both brain development and plasticity. Some pathogens use CS and DS to bind to host cells as well. For example, the malarial parasite Plasmodium falciparum cannot attach itself to mutant CHO cells defective in CS. 13 Because of these and many other functions of CS GAGs, knowledge of their molecular structures and how these relate to protein binding will be important to the development of important new therapies.
Various analytical techniques for characterizing CS, including nuclear magnetic resonance (NMR) and mass spectrometry (MS), have been implemented for elucidating GAG structures, including differentiation of hexuronic acid C 5 stereochemistry. [14] [15] [16] The low sample quantities recovered from natural sources makes MS analysis particularly applicable due to its high sensitivity and its capability of analyzing mixtures. The production of sufficient glycosidic and cross-ring fragments during tandem MS is required to provide detailed molecularlevel structural information, and there has been considerable research regarding ion activation methods to produce this rich information for GAGs. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The undesired decomposition of sulfo modifications is problematic for GAGs, particularly those with multiple sites of sulfation, but recent advances in ion activation have enabled the acquisition of more detailed structural information from these biomolecules. 15, 17, 18, [21] [22] [23] [24] [29] [30] [31] [32] [33] [34] The combination of glycosidic and cross-ring fragmentation enables the identification of the positions of the sulfo groups within the residue and in some cases the epimeric state of the hexuronic acid. 13, 20, 21, 23, 27, 28, 35, 36 Research has shown that epimerization of hexuronic acid and sulfate position along GalNAc residues can affect the number and the intensity of some glycosidic and cross-ring bond cleavages obtained in a given MS/MS experiment. 21, 27, 28 Thus, diagnostic ions that can distinguish differentially modified chains can be obtained.
Collision-induced dissociation (CID) is a commonly used approach for ion activation; however, the resulting fragmentation often causes significant losses of SO 3 from labile sulfo modifications. Such losses can be reduced through deprotonation of acidic groups during electrospray ionization, or by metal cation/hydrogen ion exchange. 17, 35, 36 CID has been used in the past to sequence intact chains of CS from the proteoglycan bikunin. 37 Different isomers could be identified through the intensity of the glycosidic fragments obtained from CID spectra. Relative abundances of B, X and Y CID ions have been previously used for the characterization of a hexuronic acid's epimeric state in CS GAGs. 25, 27, 28, 38 Recently, relative abundance of MS n B and Y fragment ions was used to distinguish between CSA and DS. 24 The ratio of the peak intensities for specific hexuronic acids must be first established from standards, and then applied to mixtures. These ratios might be sensitive to instrument parameters and, thus, are probably not universal. Diagnostic ions that occur for one epimer but not the other would be ideal.
Electron-based ion activation methods are promising for locating sites of sulfo modification and for assigning the uronic acid (GlcA versus IdoA) in GAG chains. 20, 23, 35 Electron detachment dissociation (EDD) produces a relatively high number of useful product ions with minimal loss of sulfo groups, and it has been found to produce unique fragment ions that can distinguish between GlcA and IdoA in modestly sulfated heparan sulfate tetrasaccharides. 21 EDD, electroninduced dissociation and negative electron transfer dissociation combined with multivariate analysis have also been applied in distinguishing CS and DS GAGs. 19 The effect of chain length and sodiation level on the EDD spectra of GAGs has also been investigated. 20, 23, 35 Most of the previous work investigated molecular ions in which the number of ionized acidic groups was equal to the number of sulfate groups within the molecules. 25, 30 This is significant, as it has been shown that if a sulfo group is protonated, it is much more susceptible to decomposition. 28 In most instances, CID of these precursor ions does not produce a large number of cross-ring cleavages. Recently, we have shown that ionizing all the acidic groups (carboxyl as well as sulfo) within highly sulfated GAGs leads to the production of significantly more useful product ions, including cross-ring fragments. 17, 18 The current work investigates cross-ring fragment ions formed during this process. This work shows that CID of molecular ions of CSA and DS with a single free proton produces abundant glycosidic and cross-ring fragment (in hexuronic acid residues) ions. These cross-ring daughter ions are found to be useful in distinguishing GlcA and IdoA residues with a single stage of MS/MS. Production of these ions is sensitive to the precursor charge state and the number of ionized species within the GAG chain.
Methods

CSA and DS preparation
CSA and DS oligosaccharides were independently prepared by partial enzymatic depolymerization. CSA was depolymerized from bovine trachea chondroitin sulfate A (Celsus Laboratories, Cincinnati, OH) while DS used in this work originated from porcine intestinal mucosa dermatan sulfate (Celsus Laboratories, Cincinnati, OH). Chondroitin ABC lyase from Proteus vulgaris, EC 4.2.2.4 (Seikagaku, Japan), was used to incubate 20 mg mL −1 solutions of each sample in 50 mM Tris HCL/60 mM sodium acetate buffer, pH 8, at 37°C. When the UV absorption at 232 nm indicated 50% complete, the digestion mixture was heated for 3 min at 100°C. Ultra-filtration was carried out using a 5000 g mol −1 molecular weight cut-off membrane to remove the enzyme and the high-molecularweight oligosaccharide. To concentrate the remaining oligosaccharide mixture, rotary evaporation was used, followed by fractionation by low-pressure gel permeation chromatography (GPC) with a Bio-Gen p10 (Bio-Rad, Richmond, CA) column. The oligosaccharide fractions were desalted by GPC with a Bio-Gel P2 column and freeze-dried. 39 Strong anion exchange high-pressure liquid chromatography (SAX-HPLC) with a semi-preparative SAX S5 Spherisorb column (Waters Corp., Milford, MA) was used for further purification of the oligosaccharides. The resulting SAX-HPLC with over 90% oligosaccharides fractions were collected, desalted by GPC and then freeze-died. The dried solid was reconstituted in water and purified one more time using SAX-HPLC. Only the oligosaccharides within the top 30% of the chromatogram peak were collected, desalted and freeze-dried. Oligomer concentration in the solution was determined by measuring the absorbance at 232 nm (e = 3800 M −1 cm −1 ). The final oligosaccharide fractions were characterized using polyacrylamide gel electrophoresis, electrospray ionization MS and high-field NMR spectroscopy. 40 The general structures for the molecules used are shown in Figure 1 .
MS analysis
The experiments were carried out using a Bruker 9.4 Apex Ultra Qh-FTICR instrument (Billerica, MA), with electrospray ionization operating in negative ionization mode. The sample concentrations were 0.05-0.1 mg mL −1 in 50:50 MeOH/ H 2 O. Oligomers were introduced individually at the rate of 2 µL min −1 . NaOH of between 0.5 and 1.0 mM in the spray solution was used to vary the degree of sodiation of the analytes and to vary the degree of ionization. Ions of interest were isolated in a mass selective quadrupole using a 3 Da isolation window, and CID experiments of CSA/DS dp4-dp10 molecular ions with different levels of Na + /H + exchange were performed in the collision cell external to the high-magnetic-field region. The intensity of the precursor ion was maintained above that of the fragment ions during CID experiments. The fragment ions were assigned using high-resolution accurate mass measurement assisted by Glycoworkbench software. 41 Wolff and Amster annotation 23 derived from Domon and Costello nomenclature 42 was used to designate the identified product ions.
Samples were run in triplicates acquired more than one month apart. The error bars in the graphs represent the standard error of those three measurements. Relative intensity calculations were obtained by dividing the intensity of the diagnostic product ion by the total ion current in the spectrum excluding the precursor.
Principal component analysis (PCA)
Principal component analysis (PCA) was used to visualize the differences between the spectra of epimeric compounds. PCA was performed using MATLAB (MathWorks, Natick, MA, USA) and the PLS toolbox (Eigenvector Research, Inc., Wenatchee, WA, USA). Five spectra were obtained for each CS and DS oligosaccharide, ion assignment was carried out and the intensity of at least 40 of the assigned fragment ions was used for PCA. Before the PCA, the intensity of the ions was normalized using the base peak of the background spectrum of each respective oligosaccharide chain. A PCA matrix was created in an Excel spreadsheet with each sample spectrum represented in a row while the intensity of the particular ions was entered in a given column. The data were mean-centered and crossvalidated during the analysis.
Results and discussion
CSA and DS GAGs differ by the stereochemistry of C 5 in their hexuronic acid residues, a feature that plays a key role in their biological function. Although considerable effort has been made to develop methods to distinguish CSA and DS stereoisomers using tandem MS, most of published work on these biomolecules investigated molecular ions with the number of ionized acidic groups equal to the number of sulfate groups within the chains. As the sulfate groups are considerably more acidic than carboxyl groups, and are ionized in aqueous solution, it is easy to generate M n− (where n is equal to the number of sulfate modifications) by electrospray ionization. The molecular ions of CSA and DS often produce ions of identical massto-charge, even for different chain lengths, as the charge generally increases in direct proportion to dp. Generally, CID of these molecular ions produces B and Y glycosidic fragments, but relatively few cross-ring fragments, thus reducing the extent of structural information that can be derived. 24 Use of higher charge state precursors or derivatized CSA/DS molecules eliminates the isobaric nature of these molecules enabling tandem MS of mixtures of the oligomers of different chain length. 30 Use of higher charge state precursor ions also increases the number of product ions observed. The diagnostic value of the ring fragments obtained from GlcA and IdoA residues was investigated for CSA versus DS chains with a dp of 4 to 10.
Diagnostic ion criteria
The number of ionized acidic groups in the precursor ion of a GAG is known to play a significant role in controlling the diagnostic value of the product ions. 43 Although several precursor ions that vary in the number of ionized groups (charge state and Na + /H + exchange) were found to produce 2,4 A and 0,2 X uronic acid fragment ions that exhibit reproducible intensity differences between CSA and DS, the precursor ions that produced all the diagnostic ions were found to have particular characteristics. The best choice for a precursor ion is one in which the charge state was higher by one than the number of sulfate groups within the chain, and also one in which the molecular ion contained a single free acidic hydrogen. Such a precursor was found to produce both A and X diagnostic fragment ions. These results suggest that a single mobile proton plays an important role in the formation of these significant cross-ring fragment products.
Furthermore, even for the molecular ions with the specific characteristics mentioned above, only product ions with a specific charge and sodium level combinations were diagnostic. Diagnostic 2,4 A n ions had all the acidic groups ionized except one. Whenever any of these ions were produced, regardless of the precursor ion from which they were derived, they were found to be diagnostic. In most cases there were no such products from molecular ions lacking Na + , and their prevalence and diagnostic qualities increased with the number of Na + present in the molecular ion. Fully ionized precursor ions generally produced fewer fragment ions including the ones that were diagnostic, consistent with the observation that a single mobile proton is necessary for the production of 2,4 A and 0,2 X products. Table 1 shows the abundance of 2,4 A n fragments fitting these criteria for CSA and DS oligomers of dp 4-10. For these samples, the number of ionizable groups is equal to the dp value, and the number of sulfo groups is equal to one-half of the dp value. The appropriate precursor is therefore one whose charge state is (1 + dp/2) and that has lost (dp − 1) protons, either through ionization or by Na + /H + exchange. In all cases, the 2,4 A 3 is less diagnostic than the longer fragment ions, with only a 2-4 times difference in intensity for GlcA versus IdoA. The longer fragments showed a much higher preference for producing a 2,4 A n fragment for GlcA versus IdoA, and in the case of dp 10, this fragment is only observed for GlcA when n > 3.
For the 0,2 X n fragments that are found to be diagnostic, the ions were either fully ionized or contained a single free acidic proton, especially for longer chains. The ions with a single free Table 1 . Diagnostic ion intensities for CSA and DS dp4-dp10. The intensities are reported as percentages of the total ion intensity of the tandem mass spectrum excluding the precursor ion intensity. The ratio column compares the intensity of diagnostic ions for DS to those for CSA. The protons column lists the number of ionizable protons in the product ions. proton are also accompanied by another peak resulting from loss of SO 3 that is also diagnostic, as will be shown below, in the description of the individual oligomers.
CSA and DS of dp4
CSA/DS tetrasaccharide epimers were the shortest chains that were investigated in this study. They have a total of four acidic groups (two sulfate and two carboxyl groups). In all the CS/DS oligomers described in this study, the non-reducing end hexuronic acid residue is a D-uronic acid; that is, it has a double bond between C 4 and C 5 , a result of the enzymatic process that produced these oligomers from the much longer CS or DS material from with they were derived. For this reason, there is only one GlcA or IdoA residue to assign in the dp4 oligomers. The precursor ion with the aforementioned diagnostic characteristics is [M − 3H] 3− , which is not sodiated. The MS/MS spectra obtained for the two epimers are shown in Figure 2 . For CSA, the most intense product ions are C 2 /Z 2 (isobaric species that are indistinguishable in the tandem mass spectra due to formation of a D-uronic acid at the nonreducing end of the Z-fragment), 2,4 A 3 and Y 1 − , shown in green in Figure 2 . DS dp4 produces the ions B 2 − , Y 3 2− and 0,2 X 3 2− as the most intense products, and these are highlighted in red. The differences in intensity of the ions resulting from CSA and those of DS is due to hexuronic acid residue C 5 stereochemistry, as that is the only structural difference between the two chains.
The statistical differences between the CSA and DS tandem mass spectra were evaluated using PCA, which clearly distinguishes the CSA and DS CID mass spectra, and assigns over 99% of the differences to a single principal component (supplementary data, S1). The loadings plot for this analysis (supplementary data, S2) identifies the peaks that are the largest contributors to the differences between the tandem mass spectra of the epimers. One fragment ion that appears here as a diagnostic peak, and also appears for all of the oligomers in this study, is the uronic acid cross-ring fragment, 2, 4 A 3 , whose fractional abundance is approximately four times less intense in DS compared to CSA for the dp4 chains (Table  1) . (Fractional intensity is the abundance of a peak divided by the sum of the intensities of all other product ions.) Some of the other distinguishing ions have been observed in previous work on doubly deprotonated precursors, [M − 2H] 2− , and they follow a similar pattern for this precursor. 19, 27 For instance Y 1 is more intense in CSA than in DS. Other previously identified diagnostic ions were also present; these include Z 1 , Y 3 2− and 0,2 X 3 2− , although their intensity differences are not very pronounced. The molecular ion investigated here reveals other ions, such as B 2 , that are more intense in DS than in CSA. Another useful detail that can be used to compare the two isomers is the B 2 intensity, which is lower compared to the Z 2 /C 2 fragment ions (these have identical compositions, and cannot be distinguished by their m/z values) in CSA, while in DS the relative intensity ratio is reversed, as seen in Figure  2(d) . This can be useful in quick, non-quantitative identification of contamination of a CSA or a DS sample.
CSA and DS of dp6
The hexasaccharides have a D-uronic acid at the nonreducing end, and two uronic acids with C 5 stereochemistry. The precursor ion that is diagnostic is [M − 5H + Na] 4− , and its CID spectrum is shown in Figure 3 . The fragment ion Figure 2 . CID tandem mass spectra for dp4 CSA and DS chains displaying differences in ion abundance and distributions. Product ions are singly charged unless otherwise indicated in the annotation. The ions highlighted in red have been found to be diagnostic for this chain by other researchers. The fragment ions (shown in green) were found in this work and they are highly diagnostic for CSA and DS. Relative abundance of ion pair B 2 and C 2 /Z 2 also differs between the two chains. distribution is similar to that observed for dp4. The second most intense fragment in both spectra is [ 2,4 A 5 + Na] 2− , a fragment occurring within the hexuronic acid near the reducing end and that distinguishes GlcA from IdoA (Table 1 ; Figures  3 and 4) . For DS, the notable diagnostic ions include B 3 + Na, [B 4 + Na] 2− , B 2 and C 2 + Na/Z 2 + Na. We also observe ions whose intensity differences were previously reported to be diagnostic of GlcA versus IdoA, specifically Y 3 2− , [Y 5 + Na] 3− and [ 0,2 X 5 + Na] 3− . 27 PCA of the two mass spectra (CSA versus DS) show that the two sets of spectra resolve from each other with a single principal component for 99.9% of the differences (supplementary data, S3). The loadings plot (S4) shows that many of the ions that differentiate the two sets of spectra are cross-ring fragments, 2,4 A n and 0,2 X n .
The dp6 diagnostic precursor produces cross-ring fragments in each uronic acid residue that are diagnostic of the uronic acid stereochemistry. [ 2,4 A 5 + Na] 2− has an abundance in DS that is 17 times lower than in CSA, and cross-ring fragment 2,4 A 3 has half the intensity in DS than in CSA (Table  1 ). These data, and others shown below, suggest that the Figure 3 . CID tandem mass spectra for dp6 CSA and DS showing ions that differ in intensity between the two chains. Only the ions with intensity differences between the two chains are annotated in the spectra but all the fragment ions found in the two spectra are indicated in the structure below the spectra with 2,4 A and 0,2 X ions appearing in red. The ions that are shown in red in the spectra have been reported by others in previous studies, but are found to be less diagnostic of C 5 stereochemistry than the ions highlighted in green. Figure 4 . Comparison of the relative intensity of 2,4 A n fragments obtained from dp6 CSA and DS with the standard error bar from triplicate runs. Several 2,4 A n ions are found in the mass spectra, but only 2,4 A 3 and [ 2,4 A 5 + Na] 2− had the diagnostic qualities discussed in the text. The 2,4 A 3 fragment ion shows less of a difference between the two uronic acid epimers than other 2,4 A n ions closer to the reducing end, namely the [ 2,4 A 5 + Na] 2− ion, a feature that is found for the mass spectra of all the chain lengths studied here.
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closer the 2,4 A n fragment is to the reducing end, the more diagnostic it appears to be; that is, the larger the difference in intensity of this cross-ring fragment between CSA and DS. Figure 4 compares the behavior of the 2,4 A n product ions that fit the requirement of having one ionizable proton, versus those with more or fewer such protons. The fragment ion [ 2,4 A 3 + Na] − has no ionizable protons, and is actually more abundant for IdoA than for GlcA (i.e. DS versus CSA). The fragment ion 2,4 A 5 2− has two ionizable protons, and it is found in both the CSA and DS dp6 tandem mass spectra, but at very low intensity.
CSA and DS of dp8
The dp8 precursor ion [M − 7H + 2Na] 5− fits the criteria for producing diagnostic ions, and yields mass spectra with slightly different distributions of ions from dp4 and dp6 (mass spectra are found in supplementary data, S5). The most intense peak corresponds to the isobaric glycosidic fragment ions [Z 6 + 2Na] 3− /[C 6 + 2Na] 3− . The next most intense fragments are from glycosidic B and Y fragments. The data from the mass spectra were analyzed by PCA, and CSA segregates from DS with two principal components that account for 79% and 20%, respectively, of the differences between the spectra (supplementary data, S6). The loadings plot (S7) finds several peaks that contribute to the differences, including glycosidic and cross-ring cleavages. 2, 4 A n peaks and 0,2 X n peaks are significant contributors. There are cross-ring fragment ions exhibiting diagnostic characteristics in every uronic acid except the non-reducing end residue, and their intensities are compared graphically in Figure 5 of which contain a single ionizable proton. The ratio of these fragment ions in DS and CSA spectra can be found in Table 1 . Consistent with the finding for dp6, the closer these cross-ring fragments are to the reducing end, the larger the difference revealed by the ratio of intensities for IdoA versus GlcA. As expected, the other 2,4 A n cross-ring fragment ions that do not contain a single ionizable proton do not show diagnostic qualities, as can be seen in Figure 5 . For instance the [ 2,4 A 3 + Na] − ion, with no ionizable protons, shows behavior opposite to that of the other diagnostic ions, that is, it is more intense for DS than for CSA. The [ 2,4 A 5 + 2Na] 2− ion also has no ionizable protons, and does not follow the trend of the diagnostic ions, while the [ 2,4 A 5 + Na]2 − ion has one ionizable proton, and is diagnostic of the presence of GlcA versus IdoA. Figure 5(b) shows an expansion of the mass scale highlighting the region where these cross-ring products are found, emphasizing the utility of selecting the appropriate product ions for assigning uronic acid stereochemistry.
CSA and DS of dp10
CSA and DS dp10 were the longest GAG oligomers analyzed in this study. The precursor ion that fitted the requirement for charge state and having a single ionizable proton, and that produced peaks diagnostic of the uronic acid stereochemistry, is [M − 9H + 3Na] 6− . As with dp8, the majority of intense fragments are not the ones resulting from cross-ring cleavages but instead B and Y ions (supplementary data, S8). The most intense peak is assigned as [C 8 + 3Na] 4− /[Z 8 + 3Na] 4− . Although there are plenty of 2,4 A n and 0,2 X n fragment ions in the hexuronic acid residues of both CSA and DS, there are extremely few ring fragments occurring at the amino sugar for this chain. The annotated structure of dp10 CSA shows only one fragment ion at the reducing end glucosamine residue ( Figure 6(c) ). The 2,4 A n fragments for the dp10 are highly diagnostic, in that most appear only in the tandem mass spectrum of CSA, and are absent for DS (Table 1 ). Figure 6 (b) presents mass scale expansions of the regions where the diagnostic 2,4 A n fragments appear. Only the 2,4 A 3 shows a peak in the DS spectrum, but it is three times less intense in the latter spectrum. In Figure 6 . (a) 2,4 A n ions obtained from the dp10 CSA and DS chains with the arrows indicating ions with the diagnostic characteristics discussed in the text. With the exception of 2,4 A 3 , these cross-ring ions appeared only in the tandem mass spectrum of CSA and were absent for DS. (b) Zoom-in of some of these particular diagnostic ions is shown below the graph. (c) Structure with fragment ions obtained from the diagnostic precursor ion with the 2,4 A and 0,2 X fragments shown in red. Figure 7 . 0,2 X fragments found in the CID tandem mass spectra of dp8 and dp10 CSA and DS chains. Product ions with 0 or 1 ionizable protons were found to be diagnostic with few exceptions. contrast, 2,4 A n fragment ions that have more or fewer than a single ionizable proton are not diagnostic of the uronic acid stereochemistry, as shown in Figure 6 (a) for [ 2,4 A 3 + Na] − (with no ionizable protons) and [ 2,4 A 7 + 3Na] 3− (also with no ionizable protons.) 0,2 X n fragments with no ionizable protons as well as ones with a single ionizable proton are also found to have diagnostic characteristics in the mass spectra of both dp8 and dp10. Figure 7 compares the intensities of several such peaks in the tandem mass spectra of CSA and DS. Many 0,2 X n ions show much higher abundance for GlcA rather than IdoA. Some of these appear in the mass spectra of both oligomers, such as [ 0,2 X 3 + 2Na] − , with no ionizable proton, [ 0,2 X 5 + 2Na] 2− , with one ionizable proton, and [ 0,2 X 5 + 2Na] 3− , with no ionizable proton. The shortest cross-ring fragment, 0,2 X 1 , with no ionizable proton, was found to be less diagnostic of uronic acid stereochemistry than the longer fragment ions, similar to the observation for 2,4 A n fragment ions. Ions with more than one free acidic proton, such as [ 0,2 X 7 + 2Na] 3− (two ionizable protons), from dp10, were not diagnostic.
Conclusions
The data presented above show that it is possible to observe significant differences between the CID mass spectra of CSA and DS, specifically by examining the abundance of crossring fragmentation in the uronic acid residues. The diagnostic value of the cross-ring products is related to the number of ionizable protons in the selected precursor as well as in the product ions. For 2,4 A n ions, both the precursor and product must contain a single ionizable proton for the fragment ion to have diagnostic value. Addition of NaOH to the spray solution helps one to obtain higher charge states and to remove most of the ionizable protons from the precursor ion by Na + / H + exchange. 2, 4 A n and 0,2 X n ions were present in all the spectra taken from dp4-dp10 CS but 0,2 X n were found to be less diagnostic of the uronic acid type for dp4 and dp6. This is the first indication that unique CID fragments can distinguish between CSA and DS chains. This approach shows great potential for providing detailed structural information for GAG oligomers using a method of ion activation that is widely available on a number of mass spectrometry platforms.
